ABSTRACT We have determined the sequences of the ub gene and protein of Escherichia coli. The coding region of ssb is 534 base pairs and is preceeded and followed by dyad symmetries of 39 base pairs and 27 base pairs, respectively. The promoter for sab is close to that for uvrA and these two genes are transcribed in opposite directions: ssb clockwise and uvrA counterclockwise on the standard E. coli genetic map. The DNA helix-destabilizing protein encoded by the ssb gene (single-strand binding protein) contains 177 amino acids and has a calculated molecular weight of 18,873. Although there is no extensive sequence homology among the three helix-destabilizing proteins whose sequences are now known, both the E. coli and bacteriophage T4 DNA helix-destabilizing proteins do contain an acidic, a-helical region at their carboxy termini that may be functionally homologous. The remainder of the E. coli helix-destabilizing protein can be divided into two apparent domains on the basis of its amino acid sequence. The amino-terminal region (residues 1-105) contains 79% of the charged residues (27 out of34 total) in the protein and is predicted to have a high degcee ofsecondary structure (a helix and lpleated sheet (recAl,uvrA6, was used as a host strain for various plasmids and has been described (6). Plasmid-carrying derivatives of KLC647 (recAl,uvrA6,AexoI) were the source of SSB. pDR2000
The Escherichia coli DNA helix-destabilizing protein (singlestrand binding protein, SSB) is essential for replication of the chromosomes of E. coli and its single-stranded DNA phages. In addition, SSB participates in recombination and repair ofE. coli DNA and in the concerted response (SOS response) of this bacterium to DNA-damaging agents (see refs. 1 and 2 for reviews). Although the recent mapping (3) and cloning (4) of the ssb gene has facilitated the genetic study of ssb and large-scale purification of its protein (5) , a detailed understanding of the regulation ofthis gene and the interaction ofits protein SSB with DNA and other proteins involved in DNA metabolism requires the sequence of the gene and protein.
We have reported (4) the cloning of the ssb and uvrA genes on a 9.4-kilobase pair (kb) DNA fragment. In this communication we have determined the location ofssb relative to uvrA, its direction of transcription, and its sequence. We have found that the ssb start point is within about 200 base pairs ofthe uvrA start point and that ssb is transcribed clockwise on the E. coli chromosome. The coding region of ssb is 534 base pairs long, specifying a protein containing 177 amino acids for a total calculated molecular weight of 18,873.
MATERIALS AND METHODS
Bacterial Strains andPlasmids. CSR603 (recAl,uvrA6,phr-1) was used as a host strain for various plasmids and has been described (6) . Plasmid-carrying derivatives of KLC647 (recAl,uvrA6,AexoI) were the source of SSB. pDR2000
(uvrA',ssb+,tet',amp') is a pBR322 derivative that carries the uvrA and ssb genes (4); pDR1996 (uvrA',ssb+,tet+,amp+) was constructed by inserting a Cla I fragment of pDR2000 into pBR322. By cutting pDR1996 with Kpn I and religating, we constricted pDR1995 (uvrA-,ssb-,tet+,amp+).
Mapping and Sequence Determination of the ssb Gene. The restriction map of ssb was obtained by digesting pDR1996 and its various restriction fragments with Ava II, Bst N1, Hae III, and Hinfl and then analyzing the digests in 5% (wt/vol) polyacrylamide gels. DNA fragments were extracted from these gels, the 5' end was labeled, and the sequence was determined as described (7) . Maxicells were prepared and labeled as described (8) except that cycloserine (200 ,ug/ml) was added to the culture 1 hr after irradiation.
Purification of SSB and Its Tryptic Peptides. SSB was purified from KLC647/pDR1996 by the same procedure used for CSR603/pDR2000 (8) . KLC647/pDR1996 has two advantages over the CSR603/pDR2000 strain used in our previous purification. First, SSB is amplified about 20-fold in this strain, as compared to the 13-fold amplification for CSR603/pDR2000; second, KLC647 is deficient in exonuclease I activity, which otherwise copurifies with SSB on several chromatographic supports (5) .
Tryptic peptides were isolated from trichloroacetic acid-precipitated SSB that had been digested with trypsin (1:30, wt/ wt) for 6 hr at 37°C in 0.05 M NH4HCO3. After removing the precipitate (which proved to be the nearly homogeneous tryptic peptide containing residues 97-115), the supernate was fractionated into six pools by Bio-Gel P4 chromatography. Each of these pools was then subjected to Aminex AG50W-X4 chromatography as described for phage T4 gene 32 tryptic peptides (9 
RESULTS
Physical Map of the ssb Gene. pDR2000 is a recombinant plasmid that carries the uvrA and ssb genes (4) . In maxicells, this plasmid produces two proteins which have molecular weights of 19,500 and 114,000. Various genetic and biochemical tests demonstrated that these two proteins (UVRA and SSB) are the products of the ssb and uvrA genes, respectively (12) . The location of uvrA on the pDR2000 plasmid and its direction of transcription also have been determined (12) . To localize ssb relative to uvrA, we first mapped pDR2000 with Cla I and Kpn I restriction enzymes. Then the Cla I fragment spanning from 8 to 13.7 kb of pDR2000 was cloned into pBR322 to generate pDR1996 (Fig. 1) . When the proteins encoded by this plasmid were analyzed in maxicells, it was found that the plasmid carried ssb as well as uvrA (Fig. 2) . When the 2.2-kb Kpn I fragment spanning from 5.3 to 7.55 kb of pDR1996 was removed, we found that the new plasmid, pDR1995, did not produce either UVRA or SSB in maxicells (Fig. 2) . These results indicated that at least part ofthe ssb gene or its operon was localized between 5.3 kb and 6.75 kb ofpDR1996. Therefore, we decided to isolate the 2.2-kb Kpn I fragment, map it with four base-pair-specific restriction enzymes, and determine the sequence of the region between 5.3 kb and the uvrA promoter at 6.75 kb. Fig. 3 shows the restriction map ofthis region that was obtained by digesting the Kpn I 2.2-kb fragment with Ava II, BstNl, Hae III, and Hinfl endonucleases. The resulting DNA fragments were isolated, and the sequence was determined. By comparing the DNA sequence to the sequence of the amino terminus of SSB, we were able to localize the ssb gene between 6 kb and 6.75 kb of the pDR1996 map as shown in Figs. 1 and 3. The uvrA and ssb promoters are close to one another, and the two genes are transcribed in opposite directions: ssb clockwise and uvrA counterclockwise on the standard E. coli genetic map (Fig. 3) .
Nucleotide Sequence of the ssb Gene. The DNA sequence of ssb is shown in Fig. 4 . The coding region of the gene is preceeded and followed by dyad symmetries of 39 and 27 base pairs, respectively. The presumptive "RNA polymerase recognition sequence," the Pribnow box, and Shine-Dalgarno sequence are also indicated in Fig. 4 . The nucleotides in this figure were numbered by starting seven base pairs downstream from the "invariable T" ofthe Pribnow box. Although the coding region of ssb contains 534 base pairs, the methionine ofthe initiation codon is not present in the SSB and, therefore, the protein contains 177 amino acids and terminates in a phenylalanine followed by a UGA termination codon.
Protein Chemistry ofSSB. The sequence ofthe first 52 amino acids in SSB was determined by automatic sequence determination and is in complete agreement with the sequence shown in Fig. 4 0.82 mol of phenylalanine per mol of SSB and no other amino acids, again in agreement with the DNA sequence. To confirm the rest of the proposed amino acid sequence for SSB, we compared the amino acid composition of intact SSB and its tryptic peptides with that predicted from the DNA sequence. As shown in Table 1 , there is good agreement between the actual SSB composition, as determined in this study and as reported previously, and that calculated from the sequence given in Fig. 4 . A better confirmation ofthe sequence was obtained by isolating 12 of the 15 predicted tryptic peptides and determining their compositions. As shown in Table 2 , there is complete agreement between the predicted and experimental compositions of these peptides. Based on its amino acid sequence, SSB can be divided into three apparent domains. The first two-thirds of SSB (residues 1-105) contains a large number of charged amino acids (27 out of 34 in SSB) and is predicted to be highly ordered, with most of the residues either in a helices or ,B pleated sheets (Fig. 5) . In sharp contrast, the region including residues 106-165 contains only two charged amino acids and no predicted a helix or ,3pleated sheet. This unusually long coil region probably does have some secondary structure and, in fact, it is predicted to contain most of the (structure turns (9 out of 14) in SSB. The carboxy-terminal region ofSSB (residues 166-177) is interesting because of its possible homology to the carboxy terminus ofthe bacteriophage T4 gene 32 protein (9) . Both of these helix-destabilizing proteins contain a negatively charged, a-helical region within the last 12 residues at their carboxy terminus. Overall, SSB is predicted to contain 22% a helix and 19% (3 pleated sheet, which is very close to the experimental values of 20% a helix and 20% A pleated sheet, as previously determined by circular dichroism (13) .
DISCUSSION
We determined the sequence of the ssb gene, predicted the protein sequence of SSB from the DNA sequence, and then confirmed most of the protein sequence either by direct sequence determination or by analysis of tryptic peptides. The resulting DNA and protein sequences reported here reveal several interesting points. Proc -Natl. Acad. Sci -USA 78 (1981) SSB is a relatively abundant protein, there being about 1200 monomers per cell (14) . This high level could be due to efficient transcription of the gene or to efficient translation of its mRNA or both. Although it is not possible to tell at present what leads to efficient transcription, actively transcribed genes have been found to have at least one of the following features: (i) close homology to the canonical "-35 sequence," T-T-G-A-C-A, and the Pribnow box, T-A-T-A-A-T (15); and (ii) high A+T/G+C ratio in the promoter region (16) and tandem promoters (17) .
An inspection of the DNA sequence (Fig. 4) 1.2(1) suggests this interpretation is correct. In that study (18) it was determined that SSB*-A actually binds about 3 times more tightly than does intact SSB to single-stranded DNA. The next 61 amino acids in SSB (residues 106-165) are unusual in that this region contains only two charged amino acids and, except for a large number of a-structure bends, is devoid of any other predicted secondary structure. Finally, the charge density (-5) and secondary structure (primarily a-helical structure) of the last 12 amino acids in SSB (residues 167-177) are similar to the analogous region in the bacteriophage T4 gene 32 protein (9) and suggests that the carboxy termini ofboth proteins may be functionally homologous. The helix-destabilizing "activity" ofthe phage T4 single-stranded DNA binding protein (gene 32 protein) appears to be partially repressed by its carboxy terminus (19) . This control may arise through direct interactions between the negatively charged carboxy terminus and positively charged amino acids at the DNA binding site (20, 21) . This inhibition of helix-destabilizing activity appears to be relieved by proteolytic removal of the carboxy terminus or by proteinprotein interactions between the gene 32 protein and other proteins, in the phage T4 DNA replication complex (22) . Based on the available data, it is tempting to speculate that the carboxy-terminal region (residues 167-177) of SSB has a similar function. Even though SSB and the gene 32 protein may have at least one similar functional domain in common and both are involved in DNA replication, repair, and recombination, the lack of any extensive sequence homology suggests these proteins evolved independently.
